Abstract: Particulate matter (PM) pollution is a serious concern for the environment and public health. To protect indoor air quality, nanofiber filters have been used to coat window screens due to their high PM removal efficiency, transparency and low air resistance. However, these materials have poor mechanical property. In this study, electrostatic induction-assisted solution blowing was used to fabricate polylactide stereocomplex (sc-PLA), which served as reinforcement to enhance the physical cross-linking point to significantly restrict poly(methyl methacrylate) (PMMA) molecular chain motion and improve the mechanical properties of sc-PLA/PMMA nanofibers. Moreover, the introduction of sc-PLA led to the formation of thick/thin composite nanofiber structure, which is beneficial for the mechanical property. Thus, sc-PLA/PMMA air filters of~83% transparency with 99.5% PM 2.5 removal and 140% increase in mechanical properties were achieved when 5 wt % sc-PLA was added to PMMA. Hence, the addition of sc-PLA to transparent filters can effectively improve their performance.
Introduction
Particulate matter (PM) is a major air pollutant that threatens the environment and public health. PM 2.5 , with aerodynamic diameters smaller than 2.5 µm, has been associated with detrimental health outcomes, such as cancer, respiratory illnesses and cardiovascular diseases [1] [2] [3] [4] [5] [6] . Source control and air purification are the two main measures used to solve the PM pollution problem, with the latter being considered the most feasible and effective way for outdoor individual protection [7] . Under hazardous air conditions, residents are forced to close windows and doors or turn on air cleaners to block outdoor PM. According to a survey, Beijing's residential ventilation level is only 0.17 h −1 , which is far below China's national standard of 1.0 h −1 and is not conducive to good health as a result of insufficient indoor air circulation [8] . To overcome this challenge, a novel strategy should be developed to reduce PM 2.5 and provide sufficient ventilation.
Fibrous air filters capture PM through physical barriers and surface adhesion through inertial impaction; interception; Brownian motion; or gravitational, chemical and electrical forces [9] [10] [11] . With the rapid development of fiber fabrication technologies, nanofiber air filters with fiber diameter of dozens or even hundreds of nanometers have high PM filtration efficiency and low air flow resistance [8] . Ding's research group fabricated polyamide-56 nanofiber/net filters with high filtration efficiency of 99.995% [12] . Wang et al. created electrospun silk nanofiber filters as lightweight air filters 
Characterization

Scanning Electron Microscopy (SEM)
Nanofiber morphologies were observed using an SEM (Hitachi S-4800, Hitachi Limited Co., Ltd., Tokyo, Japan). Fiber diameter was determined from SEM micrographs using Image-Pro Plus (Ipwin32, Soft Imaging System, Pro 6.0, Media Cybernetics Co., Ltd., Washington, USA).
Transmission Election Microscopy (TEM)
The morphology of the nanofiber mats was investigated using a TEM (Hitachi H7650, Hitachi Limited Co., Ltd., Tokyo, Japan) with acceleration voltage of 100 kV.
Differential Scanning Calorimetry (DSC)
Thermal analysis of nanofiber mats was carried out using a DSC (DSC204F1, NETZSCH Scientific Instruments Trading Ltd., Selb, Germany). Samples with mass of 5-10 mg were heated under nitrogen environment at 60-240 °C, which increased at 10 °C/min.
Rheological Measurements
Rheological measurements were performed using a Bohlin CVO rheometer (Malvern Instruments Co., Ltd., Malvern, UK). Dynamic oscillatory shear measurements were conducted by using a set of 40 mm-diameter parallel plates at 25 °C in the frequency range of 0.1-10 rad/s.
Mechanical Performance Measurement
Mechanical performance was determined with an electronic monofiber strength tester (LLY-06, Laizhou Electronic Instrument Co., Ltd., ShenZhen, China). Nanofiber mats had a size of 20 mm × 50 mm and the tests were performed at a strain rate of 10 mm/min. The pinch distance was 10 mm. Schematic of the preparation of transparent air filter material by electrostatic induction-assisted solution blowing.
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Mechanical performance was determined with an electronic monofiber strength tester (LLY-06, Laizhou Electronic Instrument Co., Ltd., ShenZhen, China). Nanofiber mats had a size of 20 mm × 50 mm and the tests were performed at a strain rate of 10 mm/min. The pinch distance was 10 mm. The optical properties of the nanofiber filter were measured with a Lambda 750 spectrophotometer (PerkinElmer, Boston, MA, USA). The spectrum ranged from 700 to 400 nm with a scanning step of 2 nm. The following linear formula based on simple optical transmission was used to calculate the transmittance of nanofiber filters (Equation (1)):
where I T is the transmittance (%) through TFAS, I f is the transmittance through the nanofiber filter and I s is the transmittance through copper mesh support.
Measurement of Removal Efficiency
The removal efficiency for aerogel particles with different mass median diameters and the air permeability of the nanofiber filters were analyzed with a filter material test bed (AFC 131, TOPAS Co., Ltd., Dresden, Germany). The n-butanol (Weng Jiang Chemical Reagents Co., Ltd. (Guangdong, China)) uptake tests were performed to investigate the porosities of those membranes according to the Equation (2):
where W w is the weight of the wet membrane and W d is the weight of the dry membrane; ρ b and V are the density of n-butanol and the geometric volume of the membrane, respectively.
Results and Discussion
Formation of sc-PLA in PMMA Nanofibers
Solution blowing is a quasi-commercial method to produce nanofibers with high efficiency and electrostatic induction is beneficial in obtaining a homogeneous fiber distribution, as found in our previous work [34] . The electrostatic field is an effective means to separate fiber bundles formed by airflow during solution blow spinning. ESB is an important method for mass production of nanofiber membranes [35] . The high porosity and small pore size of nanofiber membranes make them good candidates for filters [36] . In addition, the morphology of the fiber also determines the filtration effect of the fiber filter. Figure 2 shows the morphology of PMMA and sc-PLA/PMMA nanofibers. The figure shows that PMMA nanofibers from 8 wt % solution do not have good morphology and some beads are observed (Figure 2a ). When PLLA/PDLA was added to the PMMA, the fibers had good morphology and smooth surface (Figure 2b-f) . Interestingly, the addition of PLLA/PDLA led to the formation of a composite structure with thick and thin fibers. The nanofibers showed bipolar distribution in diameter. For example, with 5 wt % PLLA/PDLA, the number of thin fibers was higher than that of thick fibers. The diameter of thin fibers was 250 nm, while that of thick fibers was 550 nm (Figure 2b ). As the amount of PLLA/PDLA increased, the diameters of the thin and thick fibers increased. The average diameter of the thin fiber increased from 250 to 550 nm and that of thick fibers increased from 550 to 1300 nm. Meanwhile, the difference between the diameters of the thick and thin fibers significantly increased and the amount of thin fibers gradually decreased. When 25 wt % PLLA/PDLA was added, a few thin fibers were observed; the diameter of the thin fibers was 400-600 nm and that of the thick fibers was 1200-1400 nm. The results showed that nanofibers can be obtained successfully by ESB from the blend solutions and that the addition of PLLA/PDLA leads to thick/thin composite nanofibers, which may influence the mechanical property, removal efficiency and optical transmittance.
Recently, sc-PLA nanofibers have been successfully fabricated through electrospinning and high-voltage electrostatic field is proven to enhance the formation and growth of sc-crystallites [37] . Therefore, sc-PLA is expected generation in the PMMA nanofibers with the aid of induced electric field in the ESB process. DSC was used to determine the thermal properties of the nanofibers, as shown in Figure 3a . In the present study, the following thermal properties were observed: all nanofibers exhibited glass transition of PMMA at around 105 • C. The blend nanofibers with over 10 wt % sc-PLA showed obvious endothermic peaks at 210-250 • C, which is consistent with the melting peak of sc-PLA reported in the literature [38] . No melting peak of PLLA/PDLA homo-crystallization at around of 170 • C was observed for all the blend nanofibers. Tm of sc-PLA was reported to be 30-60 • C higher than that of individual PLLA and PDLA, which is attributed to the close packing of polymer chains, strong intermolecular interactions and consequently increased crystallinity [38] [39] [40] [41] As shown in Figure 3a , the blends containing more than 5 wt % of sc-PLA show only one melting point at about 215 • C. This indicates electrostatic field applied in ESB process favor the formation of sc-PLA in PMMA nanofibers and is beneficial to improve the miscibility of sc-PLA and PMMA under certain conditions of sc-PLA content [42] .
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The rheological behavior of the spinning solutions of PMMA and the blend solutions are further investigated, as shown in Figure 3c . The rheological properties can reflect the viscoelastic behaviors of the polymer solution and are highly sensitive to the interactions and structure within the polymer solution [43] [44] [45] . As Cui reported, shear force during solution stirring process helps PLLA and PDLA molecular chains to contact effectively and facilitate the formation of sc-PLA [46] . PMMA molecular chain movements are constrained by PLLA/PDLA, sc-PLA, or their aggregations due to the entanglements of PMMA molecular chains with PLLA/PDLA or sc-PLA, thereby gradually increasing internal flow friction, deformation resistance and solution viscosity [47] . As the amount of added sc-PLA increases, the viscosity of the solution gradually increases (Figure 3c ). Moreover, with the addition of PLLA/PDLA, the curves become tortuous and not as smooth as the line of PMMA solution, which indicates that the blend solutions are heterogeneous and have poor miscibility at ambient temperature [42, 48] . The characteristic of heterogeneous solution is regarded as the reason for the formation of different jets in spinning and thick/thin composite nanofibers.
Performance of sc-PLA/PMMA Nanofiber Filters
Mechanical Properties
Restricting the chain movement of PMMA polymers can improve their tensile strength Molecular mobility has been claimed to be the factor governing the mechanical property and cross-links are responsible for effecting molecular mobility [49] . Herein, sc-PLA is introduced to enhance the mechanical property of PMMA nanofibers, considering that sc-PLA can serve as a reinforcement to enhance the physical cross-linking points to markedly confine the polymer chain motion and facilitate good interaction between the PMMA matrix and the sc-PLA [19, 50] . Figure 4 shows the tensile stress-strain curves of PMMA nanofibers and sc-PLA/PMMA nanofibers with different composition ratios of sc-PLA and all curves present the same profile. The tensile strength of PMMA nanofibers was only 75 kPa, while that of sc-PLA/PMMA increased significantly. It is worth noting that all sc-PLA/PMMA nanofibers exhibited a breaking strength over 150 kPa with the introduction of sc-PLA. This indicates that the formation of sc-PLA prominently improved the mechanical property effectively. The results are in accordance with those in a previous works [19] and the reason is ascribed to the presence of a high density of intercrystalline connections through a mobile amorphous phase, which simultaneously enhanced the strength and elongation at break simultaneously [26] . It is well known that the mechanical properties of nanofiber filters depend on the molecular arrangement [42] . The blended nanofiber filter with 5 wt % sc-PLA exhibited the highest breaking strength and elevated sc-PLA loading demonstrated an opposite change tendency. This may be attributed to the fact that the mechanical property does not depend too much on the cross-links between sc-PLA and PMMA and high sc-PLA crystallization in nanofibers may weaken the connections in the PMMA amorphous phase. 
Optical Transmittance
The transparency of nanofiber filters, which is significant in practical applications, was tested with different composition ratios and same weight (approximately 2 g/m 2 ). The results are shown in Figure 5 . Although PMMA nanofibers exhibited poor configuration, they had high transparency within the range of visible wavelength (400-700 nm), which could reach up to 91.8% at 550 nm. Conversely, the nanofibers containing 5 wt % sc-PLA demonstrated higher transparency throughout the visible wavelength with 95.5% transmittance at 550 nm. However, their optical transparency was slightly reduced with the increase in sc-PLA; the transmittance at 550 nm was reduced to 90.6%, 87.3% and 86.1% for the nanofibers containing 10, 15 and 20 wt % of sc-PLA, respectively. The results indicate that optical transparency can be improved with a suitable content of sc-PLA, while excess sc-PLA produces a negative effect, which might be attributed to the increase in thick fibers with increasing sc-PLA. 
PM Removal Efficiency
Aside from the ability of sc-PLA/PMMA filters to transmit sunlight, their ability to capture PM particles, another significant parameter, was evaluated. The sc-PLA/PMMA filters with different sc-PLA contents, having the same transparency of approximately 83% and thickness of approximately 0.02 µm, were selected and their pore structures are shown in Figure 6 . All filters demonstrated a concentrated pore size distribution between 0.6 and 2.7 µm and a single distribution peak. As mentioned above, the addition of sc-PLA increased the number of thick fibers. Therefore, the average pore size gradually increased as the amount of addition increased; however, the pure PMMA filter 
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As shown in Table 1 , sc-PLA/PMMA filters with different sc-PLAs exhibit different QF values and the one with 15 wt % sc-PLA obtained the highest QF of 0.1374, which indicates a high-level performance [16] . Note. P, porosity; E, PM2.5 removal efficiency; ΔP, pressure drop; QF, quality factor. QF = −ln(1−E)/ ΔP.
Conclusions
In this study, ESB was used to fabricate sc-PLA/PMMA nanofibers for transparent air filters. The introduction of sc-PLA improved the morphology of the nanofibers and resulted in thick/thin composite nanofiber structure. With 5 wt % sc-PLA loading content, the breaking strength of blend Note. P, porosity; E, PM 2.5 removal efficiency; ∆P, pressure drop; Q F , quality factor. Q F = −ln(1 − E)/ ∆P.
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